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Batuhan Kav,a Andrea Grafmüller,a Emanuel Schneck,b,c and Thomas R. Weikla
Carbohydrates such as the trisaccharide motif LeX are key constituents of cell surfaces. Despite intense research, the interactions be-
tween carbohydrates of apposing cells or membranes are not well understood. In this article, we investigate carbohydrate-carbohydrate
interactions in membrane adhesion as well as in solution with extensive atomistic molecular dynamics simulations that exceed the sim-
ulation times of previous studies by orders of magnitude. For LeX, we obtain association constants of soluble carbohydrates, adhesion
energies of lipid-anchored carbohydrates, and maximally sustained forces of carbohydrate complexes in membrane adhesion that are in
good agreement with experimental results in the literature. Our simulations thus appear to provide a realistic, detailed picture of LeX–
LeX interactions in solution and during membrane adhesion. In this picture, the LeX–LeX interactions are fuzzy, i.e. LeX pairs interact in
a large variety of short-lived, bound conformations. For the synthetic tetrasaccharide Lac 2, which is composed of two lactose units, we
observe similarly fuzzy interactions and obtain association constants of both soluble and lipid-anchored variants that are comparable to
the corresponding association constants of LeX. The fuzzy, weak carbohydrate-carbohydrate interactions quantified in our simulations
thus appear to be a generic feature of small, neutral carbohydrates such as LeX and Lac 2.
Introduction
Carbohydrates are omnipresent at cell surfaces as constituents
of glycolipids and glycoproteins1–3. During cell adhesion, these
carbohydrates get in touch with proteins and carbohydrates on
apposing cell surfaces. While specific interactions between car-
bohydrates and proteins are known to play important roles in
cell adhesion events, the role of carbohydrate-carbohydrate in-
teractions in these events is less clear4–8. About three decades
ago, homophilic carbohydrate-carbohydrate interactions of the
trisaccharide LewisX (LeX) have been reported to be involved
in embryonal cell compaction and aggregation9–11, and interac-
tions between long carbohydrate chains have been linked to the
species-specific aggregation of marine sponges12. In the following
decades, carbohydrate-carbohydrate interactions in adhesion have
been investigated in a variety of reconstituted or synthetic systems
including nanoparticles and surfaces functionalized with carbo-
hydrates13–15, atomic force microscopy setups16–19, and recon-
stituted vesicles20,21 or membranes22–24 containing glycolipids.
While some carbohydrate-carbohydrate interactions have been re-
ported to be strong17,25,26, interactions of small, neutral carbo-
hydrates are typically considered to be weak27,28. However, the
binding association constants, in particular at membrane inter-
faces, and the structural binding mechanisms are often not known.
In this article, we present detailed results from atomistic molec-
ular dynamics simulations of carbohydrate-carbohydrate interac-
tions in membrane adhesion and in solution for LeX and the syn-
thetic saccharide Lac 2, which is composed of two lactose units29
(see Fig. 1). Our simulations employ a recent carbohydrate force
field30 that allows a more faithful representation of carbohydrate-
carbohydrate interactions30,30–32 and exceed the times and system
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sizes in previous simulation studies of carbohydrate-carbohydrate
interactions in solution33–35 by orders of magnitude. LeX has
been investigated extensively as a model system for carbohydrate-
carbohydrate interactions13,14,16,19–21,23, and experimental data
available from these investigations are central to corroborate our
simulation results. In our LeX glycolipids, the LeX trisaccharide is
connected via a lactose disaccharide and a glycerol linker to lipids
tails (see Fig. 1). In our Lac 2 glycolipids, the LeX trisaccharide is
replaced by another lactose disaccharide, which allows to compare
the carbohydrate-carbohydrate interactions of LeX to those of the
common saccharide lactose. From simulations of soluble pairs of
LeX and Lac 2, we obtain association constants Ka of the order of 10
M−1, which agrees with a Ka value of LeX derived from weak affin-
ity chromatography experiments16,36. From simulations of pairs of
LeX and Lac 2 glycolipids at apposing membrane surfaces, we ob-
tain comparable association constants Ktrans for the LeX and Lac 2
glycolipids that strongly decrease with increasing membrane sep-
aration. For the membrane separation and thermal roughness of
membrane multilayers with 10 mol% LeX glycolipids measured in
neutron scattering experiments23, we determine an adhesion en-
ergy per area of the order of 10 µJ/m from our Ktrans values, in
agreement with the adhesion energy per area reported for vesicles
that contain 10 mol% of LeX glycolipids20. The average force on
bound LeX glycolipid complexes determined in our simulations in-
creases with increasing membrane separation up to a maximum
value of about 20 pN, which agrees with the LeX–LeX unbind-
ing force obtained from atomic force microscopy experiments16.
The agreement with experimental results indicates that our simu-
lations provide a realistic, detailed picture of weak carbohydrate-
carbohydrate interactions in solution as well as in membrane ad-
hesion. A striking feature is that the carbohydrate-carbohydrate
interactions are fuzzy, i.e. both soluble and lipid-anchored variants
of LeX and Lac 2 interact in our simulations via a large variety of
diverse, bound conformations.
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Fig. 1 Structures of the soluble and lipid-anchored saccharides investigated in our simulations.
Results
Interactions of soluble carbohydrates
We first consider the interaction of two LeX trisaccharides in so-
lution and compare this LeX–LeX pair interaction to the inter-
action of two Lac 2 tetrasaccharides, which are composed of
two lactose units29 (see Fig. 1). Standard carbohydrate force
fields lead to osmotic pressures for solutions of neutral carbohy-
drates that are systematically too low compared to experimen-
tal values. This underestimation of the osmotic pressure of the
carbohydrate solutions results from an overestimation of attrac-
tive carbohydrate-carbohydrate interactions30,31. To avoid un-
realistically attractive carbohydrate-carbohydrate interactions, we
have used the GLYCAM06TIP5POSMOr14 force field, in which the van
der Waals parameters for saccharide-saccharide interactions of the
standard force field GLYCAM06 have been reparametrized to cor-
rectly reproduce experimentally measured osmotic pressures30.
The GLYCAM06TIP5POSMOr14 force field employs the TIP5P water model
because this water model leads to more reliable carbohydrate-
carbohydrate interactions in GLYCAM06, compared to the standard
TIP3P water model32,37. Using graphics processing units (GPUs)
and the software AMBER GPU38,39, we have generated 50 simula-
tion trajectories with a length of 2.0 µs for two LeX molecules in a
periodic simulation box of volume V = 131.5nm3, and 40 trajecto-
ries with a length of 1 µs or close to 1 µs for two Lac 2 molecules in
a simulation box of volume V = 260.5nm3, at the simulation tem-
perature 30◦C. Our total simulation times are 100 µs for the LeX
pair and 39.5 µs for the Lac 2 pair, which greatly exceed the total
simulation times up to 40 ns34 in previous simulation studies of
LeX-LeX pair interactions in solution33,34 and the total simulation
time of a few ns for pair interactions of trisaccharide epitopes from
marine sponges35.
In our simulations, we observe thousands of interaction events
in which the two LeX molecules or the two Lac 2 molecules are
in contact. These interaction events are separated by longer or
shorter trajectory parts in which the two molecules are not in con-
tact. Figs. 2(a) and (b) display pair conformations of LeX and
Lac 2 in which the two molecules exhibit at least 20 or 50 con-
tacts of non-hydrogen atoms, respectively. The shown pair con-
formations are randomly selected from the simulation frames of
our trajectories. One of the carbohydrate molecules is aligned in
the pair conformations and represented in blue colors, while the
other molecule is represented in red/yellow colors. The clouds of
red/yellow molecules around the aligned blue molecules in these
conformations illustrate that the carbohydrate-carbohydrate inter-
actions are ‘fuzzy’40,41, i.e. the two molecules interact in broad
ensembles of conformations, rather than via a single binding con-
formation. For both LeX and Lac 2, the ensembles of conformations
with at least 50 contacts are narrower than the ensembles of con-
formations with at least 20 contacts. In conformations with at least
50 contacts, the two LeX molecules tend to stack above each other
in different orientations, and the two Lac 2 molecules tend to align
parallel or anti-parallel. However, the probability distributions of
contact numbers in Fig. 2(c) illustrate that pair conformations with
50 or more contacts of non-hydrogen atoms are rather rare and not
typical. The probability distributions decrease monotonously with
increasing number of contacts.
The interaction events of the two LeX molecules or the two
Lac 2 molecules can be characterized by their lifetime and by the
maximum number of contacts of the events. These interaction
Table 1 Association constants Ka in units of M−1 for different cutoffs nc for
the contact number of binding events
nc = 5 nc = 10 nc = 20
LeX 6.4±0.3 5.7±0.3 4.5±0.3
Lac 2 13.2±1.0 12.3±1.0 10.7±0.9
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Fig. 2 (a) and (b) Randomly selected pair conformations of two LeX and two Lac 2 molecules with at least 20 or at least 50 contacts between non-
hydrogen atoms within a distance less than 0.45 nm, respectively. One of the molecules is aligned in the 50 pair conformations and represented in
blue colors, while the other molecule is represented in red/yellow colors. In the aligned LeX molecules, fucose is represented in dark blue, galactose
in light blue, and N-acytylglucosamine in cyan. In the other LeX molecules, these monosaccharide units are represented in red, orange, and yellow,
respectively. In the aligned Lac 2 molecules, the terminal galactose is represented in dark blue, the adjacent glucose in light blue, and the remaining
galactose and glucose in cyan. In the other Lac 2 molecules, these monosaccharides are shown in red, orange, and yellow. (c) Probability distributions
of the number of contacts between non-hydrogen atoms obtained from our simulations of two soluble LeX or two soluble Lac 2 molecules. (d) Average
lifetime of interaction events as a function of the maximum number of contacts of the interaction events. Interaction events are consecutive stretches of
simulation frames at intervals of 0.1 ns with nonzero contacts of the two molecules. The error bars represent the standard deviations of the observed
lifetimes. (e) Radial distribution functions g(r) of two soluble LeX or Lac 2 molecules with center-of-mass distance r.
events are obtained from our simulation trajectories as consecu-
tive stretches of frames at intervals of 0.1 ns with nonzero contacts
of the two molecules. Fig. 2(d) shows that the average lifetime
of the interaction events increases with the maximum number of
contacts observed during the event. With average lifetimes in the
nanoseconds range, the interactions of the two LeX or the two Lac
2 molecules are rather short-lived. Nonetheless, the radial distri-
bution functions in Fig. 2(e) indicate that the interactions are at-
tractive. The maxima of the radial distribution functions at center-
of-mass distances of about 0.8 nm for LeX and 0.6 nm for Lac 2
are significantly larger than the value 1 for a non-interacting ideal
solution.
Quantifying the attractive interactions of the two LeX or two Lac
2 molecules requires distinguishing bound and unbound states.
This distinction is somewhat arbitrary because of the fuzzy in-
teractions of the carbohydrates. The probability distributions
of carboyhydrate-carbohydrate contact numbers in Fig. 2(c) are
monotonously decreasing and, thus, not bimodal as required for
a clear distinction of two states. Table 1 presents association con-
stants of two LeX or two Lac 2 molecules calculated for differ-
ent cutoffs nc of the maximum number of contacts of interaction
events. In these calculations, only interaction events with a maxi-
mum number of contacts larger or equal to the cutoff nc are taken
to be binding events. The probability Pb that the two LeX or two
Lac 2 molecules are bound has been determined from the total du-
ration of the binding events, and the association constants from
Ka =VPb/Pu where Pu = 1−Pb is the probability that the molecules
are unbound, and V is the volume of the simulation box. The Ka
values in Table 1 slightly decrease with increasing contact cutoff
nc for binding events. For LeX, a Ka value of 10 M−1 has been ob-
tained from weak affinity chromatography experiments36, which
is of the same order of magnitude as the values derived from our
simulations.
Interactions of lipid-anchored carbohydrates
To investigate the interactions of two lipid-anchored LeX or two
lipid-anchored Lac 2 molecules, we have performed simulations of
LeX and Lac 2 glycolipids embedded in POPC lipid membranes.
Our LeX and Lac 2 glycolipids have the same lipid tails as POPC,
and carbohydrate tips that are connected to these lipid tails by a
glycerol linker group (see Fig. 1). The carbohydrate tip of the LeX
glycolipid consists of the LeX trisaccharide and an additional lac-
tose disaccharide as spacer between LeX and the glycerol linker.
The Lac 2 glycolipid has the linear Lac 2 tetrasaccharide as car-
bohydrate tip. The force field of our simulations combines the
GLYCAM06TIP5POSMOr14 carbohydrate force field
30,42 for the TIP5P wa-
ter model with the AMBER Lipid14 force field43 for lipid mem-
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Fig. 3 (top) Membrane conformations with two unbound or bound LeX glycolipids. The LeX glycolipids are anchored in the different monolayers of
the membrane and interact because of the periodic boundary conditions of the simulation box. The height of the simulation box corresponds to the
membrane separation from bilayer midplane to midplane. Each membrane monolayer contains 35 POPC lipids, which have the same lipid tails as
the LeX glycolipids. The fucose and galactose at the branched tip of the LeX glycolipids are represented in red and orange, and the remaining three
monosaccharide units in yellow. (bottom) 50 randomly selected complexes of the carboyhydrate tips of the LeX glycolipids at different membrane
separations. The selected complexes exhibit at least 10 contacts between non-hydrogen atoms of the two carbohydate tips. The carbohydrate tip of
the lower LeX glycolipid is aligned in the 50 complexes and represented in blue colors, while the carbohydrate tip of the upper glycolipid is represented
in red/yellow colors. The LeX motif of the carbohydrate tips are represented in the same colors as in Fig. 2(a). The lactose disaccharides of the
carbohydrate tips, which are located between the LeX trisaccharide and the linker group of the glycolipid, are represented in light blue and light yellow,
respectively.
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Fig. 4 (a) Probability distributions of the number of contacts between two
LeX glycolipids at different membrane separations. (b) Average lifetime of
interaction events at different membrane separations as a function of the
maximum contact number of the events.
branes. Because simulations of AMBER Lipid14 POPC membranes
in TIP5P water lead to an unreasonably small area per lipid, we
have rescaled the Lennard-Jones interactions between the TIP5P
water molecules and the lipid headgroup atoms to obtain the same
area per lipid as in standard AMBER Lipid14 simulations with the
TIP3P water model (see Methods).
We quantify the interactions of two LeX or two Lac 2 glycolipids
at apposing membrane surfaces in a system that consists of a sin-
gle lipid bilayer with one glycolipid anchored in each monolayer
(see Fig. 3). In this system, the two glycolipids in the different
monolayers interact due to the periodic boundary conditions of the
simulation box, and the separation of the membrane monolayers
can be adjusted by varying the number of water molecules in the
simulation box. The values for the membrane separation l given
in Fig. 3 correspond to the separation from membrane midplane to
membrane midplane and, thus, to the height of the simulation box.
At each membrane separation, we have generated 10 trajectories
with a length of 3 µs for the LeX system and a length of 1 µs for the
Lac 2 system at the temperature 30◦C. The total simulation times
at each membrane separation thus are 30 µs and 10 µs for the LeX
and Lac 2 systems, respectively. The membranes contain in each
monolayer 35 lipids besides the single glycolipid and have an area
A of 23.3 nm2. The height of the simulation box l increases with
the number of water molecules nw as l ' 3.8nm+0.013nw nm. The
thickness of the water layer in the simulations thus is about l−3.8
nm.
The interactions of the glycolipids strongly depend on the mem-
brane separation. For the membrane separations l = 5.5, 6.0, 6.5,
and 7.0 nm, 50 randomly selected complexes of the LeX glycol-
ipid tips with at least 10 contacts of non-hydrogen atoms are dis-
played at the bottom of Fig. 3. The carbohydrate tip of the lower
LeX glycolipid is aligned in the 50 complexes and represented in
blue colors, while the carbohydrate tip of the upper glycolipid is
represented in red/yellow colors. The clouds of red/yellow carbo-
hydrates illustrate that the interactions of lipid-anchored LeX are
fuzzy, similar to soluble LeX and Lac 2 (see Fig. 2). The over-
lap of the cloud of the upper, red/yellow carbohydrates with the
lower, blue carbohydrate decreases with increasing membrane sep-
aration. At the membrane separation 5.5 nm, the LeX glycolipids
interact via their entire carbohydrate tips. At the separation 6.0
nm, the interactions are limited to the LeX trisaccharide of the gly-
colipid tip, and at the membrane separations 6.5 nm and 7.0 nm,
the interactions are further restricted to the galactose and fucose
monosaccharides at the branched end of the LeX glycolipid. The
decrease of interactions with increasing separation is also reflected
in the probability distributions of contact numbers shown in Fig.
4(a) and in the average lifetime of the interaction events for dif-
ferent maximum numbers of contacts in Fig. 4(b). At the smallest
membrane separation 5.5 nm, complexes of LeX glycolipids can ex-
hibit up to 60 and more contacts of non-hydrogen atoms (see Fig.
4(a)), and average lifetimes up to 50 ns for interaction events with
a maximum number of 60 contacts (see inset of Fig. 4(b)), which
are about one order of magnitude larger than the average lifetimes
for interaction events of soluble LeX molecules with the same max-
imum number of contacts. At the membrane separations 6.0 and
6.5 nm, the overall contact numbers and lifetimes of interaction
events are significantly smaller.
Analogous to soluble carbohydrates, the binding association
constants Ktrans = APb/(1−Pb) of the glycolipids in the different
membrane monolayers can be determined from the probability Pb
that the two LeX or two Lac 2 glycolipids are bound. The binding
constants shown in Fig. 5 are calculated for binding events with
a maximum number of at least nc = 5 contacts of non-hydrogen
atoms. For the larger binding cutoff nc = 10, the Ktrans values of the
two LeX glycolipids are about 10% smaller than the values in Fig. 5
at the membrane separations 5.5 and 6.0 nm, and the values of the
Lac 2 glycolipids are about 15% smaller at these separations. The
Ktrans values decrease with increasing membrane separation. For
membrane separations larger than about 7.5 nm, the glycolipids
cannot form contacts.
The binding constant Ktrans can be related to membrane adhe-
sion energies, which have been measured for membrane vesicles
that contain 10 mol% of LeX glycolipids20,27. For two apposing,
large membrane surfaces of area A that contain a total number of
Nt glycolipids, the free energy difference for forming the nth bond
of the glycolipids is (see Methods)
∆Gn =−kBT ln[Ktrans(Nt −n+1)2/nA] (1)
The free energy differences ∆Gn are negative and, thus, favourable,
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Fig. 5 Binding constant Ktrans of two LeX and two Lac 2 glycolipids ver-
sus membrane separation, calculated for binding events with a maximum
number of at least nc = 5 contacts of non-hydrogen atoms.
from bond 1 until the equilibrium number neq of bonds. For bond
numbers n > neq, the free energy difference ∆Gn is positive and,
thus, unfavorable for binding. The adhesion free energy gad per
area now can be calculated by summing up the free energy differ-
ences ∆Gn from bond 1 to bond neq:
gad =
neq
∑
1
∆Gn/A (2)
For an area per lipid of 0.65 nm2 measured in our simulations,
the area of a membrane surface that contains Nt glycolipids at a
concentration 10 mol% is A ' 6.57Nt nm2. From Eqs. (1) and (2)
and the values of Ktrans for the LeX glycolipids in Fig. 5, we obtain
the adhesion free energies gad = 320± 60, 150± 20, 28± 5, and
5±2 µJ/m2 at the membrane separations l = 5.5, 6.0, 6.5, and 7.0
nm respectively. For lipid vesicles that contain 10 mol% of LeX
glycolipids, an adhesion free energy per area of 27± 2 µJ/m2 has
been reported20, which is comparable to the adhesion free energy
obtained from our simulations with membrane separation 6.5 nm.
Forces on lipid-anchored carbohydrates in trans-direction
The binding of glycolipids in our simulations is associated with de-
viations of the glycolipids relative to the surrounding lipids. These
deviations in the trans-direction perpendicular to the membrane
surface result from forces on bound glycolipid complexes. Fig. 6(a)
illustrates distributions of trans-deviations between the center of
mass of the linker group of a LeX glycolipid (see Fig. 1) and the
center of mass of all lipid head groups in the same monolayer as
the glycolipid. The trans-deviations d are calculated from the sim-
ulation frames of our trajectories at intervals of 0.1 ns. We obtain
two values of d per simulation frame for the two glycolipids rel-
ative to the monolayer in which they are embedded. An increase
in d indicates glycolipid motion away from the membrane mid-
plane. With increasing membrane separation, the distributions for
bound LeX glycolipids deviate more and more from the distribu-
tion for unbound LeX, which reflects increasing forces. The distri-
bution of trans-deviations d of unbound LeX glycolipids shown in
Fig. 6(a) is calculated from our simulation trajectories at the mem-
brane separation 8.0 nm, at which LeX bonds do not occur, and can
be approximated by a Gaussian distribution exp[−V (d)/kBT ] with
V (d) = k2 (d − du)2. The trans-deviations d of unbound LeX gly-
colipids thus can be described by a harmonic potential V (d) with
force constant k and mean extension du, which can be determined
from the standard deviation σ and mean d¯ of the Gaussian as
k= kBT/σ2 = 94±4pN/nm and du = d¯ =−0.31±0.10 nm. The dis-
tributions of trans-deviations of bound LeX glycolipids in Fig. 6(a)
are calculated from our simulation trajectories at the membrane
separations 5.5, 6.0, 6.5, and 7.0 nm, for binding events with a max-
imum number of at least nc = 5 contacts of non-hydrogen atoms.
The average force f = k(db− du) on bound LeX glycolipids at the
membrane separations l = 5.5, 6.0, 6.5, and 7.0 nm then can be
calculated from the difference between the mean trans-deviations
db =−0.26±0.01, −0.22±0.01, −0.16±0.01, and −0.08±0.02 nm
of the bound glycolipids at these membrane separations and the
mean trans-deviation du of the unbound glycolipids. The force f
on bound LeX glycolipids increases with increasing membrane sep-
aration up to a value of 21.7±2.4 pN at the separation 7.0 nm (see
Fig. 6(b)). This maximal force value agrees with the unbinding
force 20± 4 pN of two LeX molecules obtained from atomic force
microscopy experiments16. For bound Lac 2 glycolipids, we obtain
a maximal force of 14.7± 3.5 pN at the separation 7.0 nm, which
is about of the same magnitude as the maximal force sustained by
the LeX complexes.
The forces on bound LeX glycolipids lead to an adhesion pres-
sure between the membranes. Fig. 7 illustrates the adhesion pres-
sure p of membranes that contain 10 mol% of LeX glycolipids as
a function of the membrane separation. The adhesion pressure
is estimated as p = Pb f/A where Pb is the probability that a LeX
glycolipid is bound at the concentration 10 mol%, f is the aver-
age force on the bound glycolipid, and A' 6.5 nm2 is the average
membrane area of membrane patch with a single glycolipid at this
concentration (see above). The negative pressure values for mem-
brane separations l of 7.0 nm and smaller, at which the glycolipids
can bind, indicate membrane attraction. From integration of the
pressure profile along the dashed interpolation line shown in Fig.
7, we obtain adhesion energies gad =
∫ l
∞ p(l
′)dl′ ' 140 µJ/m2 for
l = 6.0 nm and gad ' 30 µJ/m2 for l = 6.5 nm. These adhesion en-
ergies per area agree with values gad = 150±20 µJ/m2 and 28±5
µJ/m2 obtained directly from the binding constants Ktrans at the
membranes separations l = 6.0 and 6.5 nm (see above), which in-
dicates that average forces f on bound LeX glycolipids of Fig. 6(b)
are consistent with the binding constants Ktrans shown in Fig. 5.
Discussion and Conclusions
The membranes in our simulation systems are essentially planar
because of the small size of the membranes, and because the gly-
colipid in one monolayer interacts with the glycolipid in the other
monolayer across the periodic boundary of the simulation box.
In larger, experimental systems, in contrast, the membranes ex-
hibit thermally excited shape fluctuations, which lead to a steric
repulsion between adjacent membranes44. During membrane ad-
hesion, this steric repulsion needs to be overcome by attractive
interactions45. The average separation and thermal roughness of
the adhering membranes is determined by the the interplay of the
attractive interactions and the steric repulsion46. From neutron
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Fig. 6 (a) Distributions of trans-deviations of LeX linker groups relative
to the surrounding lipids. The trans-deviations are calculated as the differ-
ence between the center of mass of LeX glycolipid linker group (see Fig. 1)
and the center of mass of all lipid head groups in the same monolayer as
the glycolipid. These trans-deviations of LeX in the direction perpendicular
to the membrane plane are determined from the simulation trajectories of
the system illustrated in Fig. 3. (b) Forces on bound and unbound LeX
glycolipids at the different membrane separations. The trans-deviations
and forces of bound glycolipids are obtained from the simulation frames of
binding events with a maximum number of at least nc = 5 contacts of non-
hydrogen atoms. Deviations to force values obtained for the cutoff nc = 10
are smaller than the error bars. Forces an unbound glycolipids are calcu-
lated from simulation frames with zero contacts between the glycolipids.
scattering experiments of DPPC membrane multilayers that con-
tain 10 mol% of LeX glycolipids23, an average membrane sep-
aration of l¯ = 7.7± 0.1 nm and a relative membrane roughness
of ξ⊥ = 0.73± 0.03 nm has been obtained.∗ Because of the pe-
riodicity of the membrane multilayers, the distribution of the lo-
cal membrane separations l between adjacent membranes can
be approximated by the symmetric Gaussian distribution P(l) '
exp
[−(l− l¯)2/2ξ 2⊥]/(√2piξ⊥) with mean l¯ and standard deviation
ξ⊥. The average membrane separation l¯ obtained from neutron
scattering is larger than the membrane separations at which the
LeX glycolipids interact in our simulations. Trans-binding of the
glycolipids therefore requires local membrane separations of the
fluctuating membranes that are smaller than the average separa-
∗The relative membrane roughness follows from Eq. (2) of Ref. 23 as ξ⊥ =
√
g1(0)
with parameter values given in Table 2. Here, g1(r) is the membrane displacement
correlation function g1(r) of adjacent membranes in the multilayer.
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Fig. 7 Adhesion pressure p of membranes with 10 mol% of LeX glycol-
ipids obtained for the force values f on bound LeX of Fig. 6(b). The dashed
interpolation line is added as a guide for the eye and used to estimate ad-
hesion energies via integration (see text). In this integration, the pressure
p is taken to be zero at separations l ≥ 7.5 nm.
tion of the membranes. The average adhesion energy per area
of adjacent membranes can be estimated as g¯ad =
∫
gad(l)P(l)dl,
where gad(l) is the adhesion energy as a function of the local mem-
brane separation l. From the four values of gad(l) at the membrane
separations l = 5.5, 6.0, 6.5, and 7.0 nm determined in the section
"Interactions of lipid-anchored carbohydrates", we obtain the esti-
mate g¯ad = 7± 3 µJ/m2 for the average separation l¯ and relative
membrane roughness ξ⊥ of the neutron scattering experiments.
This estimate of the average adhesion energy per area is compa-
rable in magnitude to the adhesion free energy per area of 27± 2
µJ/m2 reported for adhering membrane vesicles that contain 10
mol% of LeX glycolipids20. The LeX glycolipids embedded in the
vesicles have the same carbohydrate tip as the LeX glycolipids of
the neutron scattering experiments and of our simulations. How-
ever, the carbohydrate tip of the vesicle system is connected to a
ceramide, which contains a different linker between the carbohy-
drate tip and the lipid tails. Another difference is that the neutron
scattering experiments have been performed at the temperature
60◦C to ensure that the DPPC membranes in these experiments are
fluid23. The LeX glycolipids of our simulations differ from those of
the neutron scattering experiments only in the lipid tails. We have
focused on POPC membranes and corresponding glycolipid tails to
be able to run simulations of fluid membranes at the temperature
30◦C, which is close to the calibration temperature of the force
fields. In principle, membrane tension suppresses shape fluctua-
tions of the membranes and can lead to stronger adhesion. How-
ever, the suppression of fluctuations occurs only on lateral length
scales larger than the characteristic length
√
κ/σ 47, which adopts
values between 100 and 400 nm for typical membrane tensions
σ of a few µN/m48–50 and typical membrane bending rigidities
κ between 10 and 40 kBT .51,52. These values are significantly
larger than the lateral correlation length ξ‖ of membranes adher-
ing via LeX glycolipids, which is only a few nanometers for a rel-
ative membrane roughness ξ⊥ of about 0.7 nm53. On these small
length scales, the membrane shape fluctuations are dominated by
the bending energy of the membranes and the adhesion energies
of the glycolipids, and are not affected by membrane tension.
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The fuzzy interactions and comparable magnitude of the associ-
ation constants of LeX and Lac 2 obtained in our simulations indi-
cates that the interactions of small, neutral carbohydrates such as
LeX and Lac 2 are rather generic and not dependent on specific,
structural aspects of the carbohydrates. The good agreement to
experimental results for the association constant of soluble LeX 36,
adhesion energies of membranes with LeX glycolipids20, and max-
imally sustained forces of LeX complexes16 suggests that our sim-
ulations provide a realistic, detailed picture of weak carbohydrate-
carbohydrate interactions in solution as well as in membrane adhe-
sion. The fuzzy binding reduces the loss of rotational and transla-
tional entropy of the molecules during binding40, because binding
can occur for a large variety of different relative orientations of the
saccharides, in contrast to e.g. binding via specific hydrogen-bond
patterns as suggested previously for LeX based on simulations on
short timescales up to 40 ns33,34. The fuzzy binding results from
a subtle interplay between the rotational and translational entropy
of the saccharides and the van der Waals, hydrogen bond, and hy-
drophobic interactions of the saccharides in the various binding
conformations.
We have investigated the binding of LeX in the absence of
Ca2+. Several groups have reported that LeX binding depends on
Ca2+ 13,14,19–21,54,55, whereas other groups have observed no de-
pendence on Ca2+ 16,23. As pointed out by Kunze et al.21, the Ca2+
concentration used by most groups are of the order of 10 mM and,
thus, greatly beyond physiological Ca2+ concentrations. In vesi-
cle adhesion experiments, Kunze et al.21 observed a rather small
increase of the number of bound vesicles for a physiological Ca2+
concentration of 0.9 mM, compared to experiments in the absence
of Ca2+. However, a strong increase of the number of bound vesi-
cles in the experiments occurred for a Ca2+ concentration of 10
mM. In atomic force microscopy experiments of LeX unbinding16,
in contrast, the same unbinding force of about 20±4 pN has been
obtained both in the absence of Ca2+ and for a Ca2+ concentra-
tion of 10 mM. Overall, these experimental results suggest that
the binding of LeX is not strongly affected at least by physiological
concentrations of Ca2+.
Methods
Simulations of soluble carbohydrates
System setup – We have used the GLYCAM06TIP5POSMOr14 carbohy-
drate force field30,42 in our simulations of soluble pairs of LeX
and Lac 2 in water. Initial structures of the LeX trisaccharides and
Lac 2 tetrasacchardies were created with the Glycam Carbohydrate
Builder program56 and solvated in truncated octahedral simula-
tion boxes with 4287 TIP5P water molecules for the LeX pair and
with 8504 TIP5P water molecules for the Lac 2 pair. In the initial
conformations, the two saccharides were placed in the simulation
boxes such that they were not in contact. We have subsequently
minimized the simulation systems in 5000 minimization steps of
steepest decent and additional 5000 steps of the conjugent gradi-
ent algorithm. The systems were then heated from the tempera-
ture 0 K to 303 K at constant volume in 50000 integration time
steps of 2 fs with temperature control by a Langevin thermostat57
with collision frequency γ = 1.0 ps−1.
Production runs – After equilibration for 2 ns at 303 K, we have
generated 50 independent trajectories for the LeX pair and 40 tra-
jectories for the Lac 2 pair with a 2 fs integration step in AMBER 14
and 16 GPU38,39 using the Monte-Carlo barostat58 and a Langevin
thermostat with collision frequency γ= 1.0 ps−1 to keep the tem-
perature at 303 K and the pressure at 1 bar. On these trajectories,
the lengths of bonds that contain hydrogens were restrained with
the SHAKE algorithm59,60, non-bonded interactions were trun-
cated at a cutoff value of 1 nm, and the Particle Mesh Ewald al-
gorithm (PME)61,62 was used to treat all electrostatic interactions.
The 50 simulation trajectories for LeX pair have a length of 2.0 µs,
and the 40 trajectories for the Lac 2 pair have a length of 1 µs or
close to 1 µs. The total simulation times of these trajectories are
100 µs for LeX system and 39.5 µs for the Lac 2 system.
Analysis of trajectories – We have identified interactions events
of the two LeX or two Lac 2 molecules along the simulation tra-
jectories as consecutive stretches of simulation frames at intervals
of 0.1 ns with nonzero contacts of the molecules. These interac-
tion events are separated by stretches of simulation frames with
zero contacts and can be characterized by their lifetime and by
the maximum number of contacts during the events. The contacts
are defined as contacts between non-hydrogen atoms of the two
molecules within a distance of less than 0.45 nm. We consider in-
teraction events with a maximum number of contacts that is larger
or equal to a cutoff number nc as binding events. For the cutoff
numbers nc = 5, 10, and 20, we have obtained 7253, 4820, and
2331 binding events of the two LeX molecules on all trajectories,
and 2369, 1573, and 823 binding events of the two Lac 2 molecules.
We have thus observed dozens of binding and unbinding events on
each trajectory, with binding and unbinding times that are signifi-
cantly smaller than the trajectory lengths (see also Fig. 2(d)). To
ensure independence from the initial, unbound conformations of
the trajectories, we have discarded the first 100 ns on all trajec-
tories in our calculations of the binding probablity Pb of the two
molecules, which is defined as the fraction of simulation frames
belonging to binding events. We have calculated Pb for each tra-
jectory and have determined the overall value and error of Pb as
mean and error of the mean of the values for all trajectories. The
association constants Ka reported in Table 1 were calculated from
these binding probabilities via the relation Ka =VPb/(1−Pb) where
V is the simulation box volume63. The errors of Ka are calculated
by error propagation from the errors of Pb. The errors of the prob-
ability distributions and radial distribution functions in Fig. 2(c)
and (e) are calculated as error of the mean of the corresponding
quantities for the individual trajectories.
Simulations of lipid-anchored saccharides
System setup – We have generated the initial structures of the
POPC lipid membranes with the CHARMM-GUI program65. For
our simulations with glycolipids, one lipid in each monolayer has
been replaced by a LeX or Lac 2 glycolipid, which have the same
lipids tails as POPC (see Fig. 1). Following Ref. 43, we have per-
formed the initial minimization and equilibration steps of all mem-
brane systems as follows: We have first performed a minimization
of the water molecules for fixed lipids and glycolipids in 2500 min-
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Fig. 8 Area per lipid for a Lipid14 POPC membrane in TIP5P water as a
function of the scaling factor α for well-depth of the Lennard-Jones interac-
tions between TIP5P water molecule and the lipid head group atoms. The
dashed horizontal lines represent the area per lipid values of POPC mem-
branes for Lipid14 in TIP3P water and from experiments 64. The dashed
line through the data points is a guide for the eye. Errors or the simulation
data are smaller than the point sizes. The error of the experimental value
is indicated by they shaded region. The temperature of the simulations
and experiments is 30◦C.
imization steps of steepest descent and subsequent 2500 steps of
the conjugent gradient algorithm. The lipids and glycolipids have
been fixed by harmonic constraints with a force constant of 500
kcal mol−1 Å−1 in this minimization. We have next removed the
harmonic constraints, and have repeated the same minimization
steps for the complete systems. The subsequent heating of the sys-
tems has been performed in three steps: (1) heating from 0 K to
100 K at constant volume with harmonic constraints on lipids and
glycolipids with a force constant of 20 kcal mol−1 Å−1; (2) heat-
ing from 100 K to 200 K with a reduced force constant of 10 kcal
mol−1 Å−1 of the harmonic constraints on lipids and glycolipids;
and (3) heating from 200 K to 303 K at constant pressure and a
membrane tension of zero with the same harmonic constraints as
in the second step using a semi-isotropic pressure coupling and the
Berendsen barostat66 with a pressure relaxation time of 3 ps. Each
heating step consist of 10000 MD integration steps of length 2 fs
with temperature control by a Langevin thermostat with a collision
frequency of 5.0 ps−1.
Rescaling of Lennard-Jones interactions between water and
lipid headgroups – We have used the GLYCAM06TIP5POSMOr14 car-
bohydrate force field30,42 for the carbohydrates and the AMBER
Lipid14 force field43 for the lipids of our MD simulations of POPC
membranes with glycolipids. Simulations of AMBER Lipid14 POPC
membranes in TIP5P water lead to an unreasonably small area per
lipid of 0.514± 0.002 (see Fig. 8) and to density profiles that de-
viate significantly from profiles obtained from simulations in the
standard TIP3P water model (see Fig. 9), which has been used in
the parametrization of the AMBER Lipid 14 force field43. We have
therefore rescaled the well depth of the Lennard-Jones interactions
between the TIP5P water molecules and the Lipid14 lipid head-
group atoms by a scaling factor α in order to obtain the same area
per lipid as in simulations of POPC membranes with TIP3P water.
We chose to rescale the Lennard-Jones interactions between wa-
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Fig. 9 Electron density profiles for a Lipid14 POPC membrane in TIP3P
and TIP5P water at the temperature 303 K. The membrane is composed
of 128 lipids.
ter and lipid headgroups because the density profiles of AMBER
Lipid14 POPC membranes in TIP5P water show a smaller over-
lap between the water and lipid head group regions, compared to
TIP3P water (see Fig. 9). This smaller overlap likely results from
weaker Lennard-Jones interactions, and not from different atom
sizes, because the Lennard-Jones radius 3.502 of the TIP5P oxygen
atom is in fact smaller than the radius 3.53 of the TIP3P oxygen
atom. Therefore, we have only rescaled the Lennard-Jones well-
depth ε for the interaction between TIP5P water and the lipid head
group atoms by a scaling factor α.
Fig. 8) illustrates simulation results for the area per lipid as a
function of the scaling factor α. The membranes in these sim-
ulations consists of 128 POPC lipids, and the number of water
molecules is 6400. For each value of α, we have generated 10
independent trajectories of length 150 ns with semi-isotropic pres-
sure coupling at a membrane tension of zero and a temperature
of 303 K using the same barostat and thermostat settings as in
the last heating step of the system setup (see above). We have
determined the area per lipid from the last 100 ns of these trajec-
tories, with errors calculated as error of the mean of the values for
the individual trajectories. The value α = 1.4 leads to an area per
lipid in TIP5P simulations that is close to the area per lipid both in
TIP3P simulations and in experiments (see Fig. 8). We have there-
fore used α = 1.4 in our simulations of lipid-anchored saccharides.
For this value of α, the density profile of AMBER Lipid14 POPC
membranes in TIP5P water (not shown) is practically identical to
density profile in TIP3P water, and the membrane thickness dm and
lateral diffusion coefficient D of the lipids are identical within er-
rors or close to the values obtained in TIP3P simulations (see Table
2). We have determined the bilayer thickness as the distance be-
tween the electron density peaks of the lipid head groups, and the
lateral diffusion constant from the relation D=MSD(t)/(4t) where
MSD(t) is the mean-squared-displacement of a lipid molecule at
time t. To obtain MSD(t), we have first removed the center of
mass motion of each leaflet to eliminate the ‘caterpillar effect’67
and have divided our trajectories into 20 ns fragments. We have
then calculated MSD(t) from the MSD profiles of single lipids by
averaging over all lipids and all trajectory fragments. The diffu-
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Table 2 Membrane thickness dm and lipid diffusion coefficient D from sim-
ulations with TIP5P water for different values of the scaling factor α, from
simulations with TIP3P water, and from experiments on POPC lipid mem-
branes
α dm [nm] D [µm2/s]
1.2 3.82±0.03 3.27±0.10
1.3 3.67±0.01 4.15±0.08
1.4 3.51±0.01 5.57±0.16
1.45 3.43±0.01 5.85±0.15
1.5 3.36±0.01 6.77±0.11
1.55 3.31±0.01 7.31±0.19
TIP3P 3.54±0.01 5.45±0.19
exp. 3.6868 10.769
sion coefficients in Table 2 are calculated from linear fits in the
time intervals from t = 10 ns to 20 ns in which MSD(t) approaches
a constant slope.
Production runs – The membranes of our simulations with two
LeX or two Lac 2 glycolipids are composed of 35 POPC lipids and
one glycolipid in each monolayer. By varying the number of water
molecules in the simulation box, we have created several mem-
brane systems that differ in simulation box height. In our sim-
ulations with LeX glycolipids, we have obtained the average box
heights l = 5.49, 6.00, 6.51, 7.01, 7.50, and 8.00 nm for the numbers
1264, 1722, 2107, 2493, 2878, and 3263 of TIP5P water molecules,
respectively. In our simulations with Lac 2 glycolipids, we have
obtained the average box heights l = 5.58, 6.05, 6.54, 7.03, and
7.53 nm for the numbers 1373, 1753, 2132, 2512, and 2891 of water
molecules. The height l of the rectangular simulation box corre-
sponds to the separation from membrane midplane to membrane
midplane across the periodic boundary of the box in the direction
perpendicular to the membrane. After equilibration for 100 ns, we
have produced 10 independent trajectories for each system with
the software AMBER 16 GPU38,39. The trajectories have a length
of 3 µs for the LeX systems and a length of 1 µs for the Lac 2 sys-
tems. We have regulated the simulation temperature of 303 K us-
ing a Langevin thermostat57 with a collision frequency of 5.0 ps−1,
and have employed a semi-isotropic pressure coupling with a pres-
sure of 1 bar in all directions, which corresponds to a membrane
tension of zero. We have used the Berendsen barostat66 with re-
laxation time τ = 3 ps for the pressure regulation because of the
stability of the semi-isotropic pressure coupling in AMBER 16 GPU
in combination with this barostat. For large systems as considered
here, the weak-coupling scheme of the Berendsen barostat can be
expected to lead to results that are essentially equivalent to other
barostats70. We have constrained the bond lengths for hydrogen
atoms with the SHAKE algorithm59,60 and have used an integra-
tion timestep of 2 fs in all simulations. A cutoff length of 1.0 nm
was used in calculating the non-bonded interactions with the Par-
ticle Mesh Ewald (PME) algorithm61,62.
Analysis of trajectories – We have identified interactions events
between the carbohydrate tips of the two LeX or two Lac 2 glycol-
ipids in the same way as described above for the soluble saccha-
rides. For two LeX glycolipids, we have obtained 1490, 1609, 588,
141 binding events with a maximum contact number of at least
nc = 5 on the trajectories at the membrane separations 5.5, 6.0,
6.5, and 7.0 nm, respectively. For two Lac 2 glycolipids, we have
obtained 609, 413, 183, and 34 such binding events on the trajecto-
ries at the corresponding membrane separations.
To ensure independence from the initial conformation of the tra-
jectories, we have discarded the first 10% of each trajectory in our
calculations of the binding probablity Pb of the two molecules. In
analogy to soluble carbohydrates, we have determined Pb and its
error as mean and error of the mean of the values for the 10 trajec-
tories at a given membrane separation. The binding constant then
follows as Ktrans =APb/(1−Pb) where A is the membrane ara63. We
have calculated the errors of the probability distributions in Figs.
4(a) and 6(a) and of the forces in Fig. 6(b) as error of the mean of
the corresponding quantities for the individual trajectories.
Calculation of adhesion free energies from trans-binding con-
stants of membrane-anchored molecules
The binding constant Ktrans of molecules anchored to two apposing
membrane surfaces 1 and 2 of area A is related to the on- and
off-rate constants of these molecules via
Ktrans = kon/koff (3)
If the total numbers of the molecules at the two surfaces are N1 and
N2, up to n≤min(N1,N2) trans-bonds can be formed. The effective
rate for going from a state with n−1 trans-bonds to a state with n
bonds is63
k+ = kon(N1−n+1)(N2−n+1)/A (4)
and the effective rate for going back from n bonds to n−1 is
k− = nkoff (5)
The condition of detailed balance implies
Pn−1k+ = k−Pn (6)
where Pn is the equilibrium probability of the state with n trans-
bonds. The free-energy difference ∆Gn between the states with n
and n−1 bonds is related to the equilibrium probabilities via
exp[−∆Gn/kBT ] = Pn/Pn−1 (7)
From these equations, we obtain
∆Gn =−kBT ln
[
Ktrans(N1−n+1)(N2−n+1)
nA
]
(8)
The adhesion free energy gad per area then can be calculated by
summing up the free energy differences ∆Gn from bond 1 to bond
neq where neq is the equilibrium number of bonds at which ∆Gn
changes sign (see Eq. 2).
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